The oesophageal epithelium appears to be one of the primary cell targets of Candida albicans in AIDS patients. To study this interaction, we have established an in vitro adherence assay using a human epithelial oesophageal cell line (HET1-A). When yeast cells were grown in 500 mM D-galactose, adherence increased significantly over cultures prepared in 500 mM D-glucose. kDa was observed in Aurodye-stained SDS-PAGE gels and in Western blots using an immunoglobulin fraction (IgG) prepared from sera of rabbits infected with the organism. These studies demonstrate that C. albicans adheres to human oesophageal cells and may utilize cell surface proteins whose synthesis is nutritionally regulated.
INTRODUCTION
Adherence of Candida albicans to mammalian cells appears servation is not surprising when one considers the variety of host cells and tissues which can be colonized and invaded by the organism. to be essential for the establishment of an infection by the organism (Calderone & Braun, 1991 ; Cutler, 1991 ; . There is considerable evidence that cell surface glycoproteins of the organism recognize both the extracellular matrix proteins of endothelial cells as well as epithelial fucosyl-or glucosaminecontaining glycosides or glycosphingolipids (Critchley & Douglas, 1987a; Tosh & Douglas, 1992; Yu etal., 1994) .
Thus, it would appear that C. albicans is able to recognize a variety of host cell receptors through the use of an as yet unknown number of cell surface adhesins. This obThe AIDS epidemic. has resulted in an increased number of patients with oral, vaginal and oesophageal candidiasis (Georgopapadakou & Walsh, 1994; Klein etal., 1984) , yet little is known about the recognition of oesophageal epithelial cells by C. albicans. We have initiated studies of this nature using an SV-40-transformed human oesophageal cell line (HET1-A) established by Stoner e t al.
(1 991). When transformed, these cells are not tumourigenic and retain an epithelial cell morphology and the typical array of epithelial cell surface antigens.
McCourtie & Douglas (1981) 
METHODS
Candida strains and growth conditions. C. albicans strain 4918 has been described previously (Hoberg et al., 1986; Linehan e t al., 1988; Calderone e t al., 1988) . C. albicam 4918-2, a spontaneous, cerulenin-resistant strain, was derived from C. albicans 4918 (Hoberg e t al., 1986) . Strain A9 was originally isolated from an AIDS patient (Whelan et al., 1990 Facility) . The HET1-A cells were washed with tissue culture medium (EPM2) and standardized as described above. On a monthly basis, frozen stocks of HET1-A cells were used to replace existing cultures and were propagated as described above.
HBEC and murine alveolar macrophages. HBEC from healthy volunteers were collected in PBS (0-02 M NaCl; 0.15 M sodium phosphate) (0-2 M, pH 7*2), washed two to three times with PBS and standardized to 5 x lo5 cells ml-'. The alveolar macrophage cell line (MH-S; Sankaran & Herscowitz, 1995) was maintained as a continuous culture in RPMI 1640 medium, (Gibco BRL) containing 10% (v/v) foetal calf serum. MH-S cells were collected by trypsinization, washed in RPMI 1640, standardized to 1 x 10' cells ml-' and added in a total of 2 ml to sterile glass coverslips in 6-well tissue culture dishes (Corning). The monolayers were used for adherence assays 48 h after seeding.
Adherence assays. HET1-A cells were seeded in 6-well tissue culture dishes (Corning) at a density of 5 x lo5 cells per well in a total of 2 ml EPM2 medium. After 48 h, the monolayers were washed in HBSS and infected with 1 x lo7 yeast cells in HBSS.
Cultures were incubated for different times (0-3 h) and subsequently washed extensively with HBSS. The infected monolayers of HET1-A cells were fixed in methanol and stained with crystal violet. The percentage of HET1-A cells with adhering yeast cells was determined by counting all HET1-A cells in four to five high-power fields. A positive was scored as one or more yeast cells per HET1-A cell. A total of at least 100 HET1-A cells was counted; adherence was expressed as the percentage of HET1-A cells with adhering yeast cell(s). The HBEC adherence assay was performed as previously described by Bailey et al. (1995) . C. albicans cells (2 x lo7 ml-') were incubated with HBEC (1-2 x lo5 ml-') in 0.2 M PBS (pH 7.2) for 90 min.
Cultures were washed with sterile 0.2 M PBS through filters with a pore size of 12.0 pm (Nucleopore; PC), and the contents of the filter were transferred to microscope slides and stained with crystal violet to determine the percentage adherence. Adherence was expressed as the percentage of HBEC with adhering yeast cells. The MH-S (murine alveolar macrophage) adherence assay was performed using monolayers on glass coverslips as described above. MH Subsequently, the infected monolayers were washed with PBS, dehydrated with a graded series of acetones and subjected to critical point drying (Sanidri-780). The samples were then coated with platinum (20 nm) using a Hummer I sputter coater and viewed with a Hitachi 5570 scanning electron microscope.
Transmission electron microscopy. HET1-A cells (5 x lo5 cells) were cultured in tissue culture Petri dishes (40 mm; Nunc, VWR Scientific) containing 2 ml EPM2 medium for 48 h. Monolayers were washed with HBSS and infected with yeast cells as described above (see HET1-A adherence assay). After a 90 min incubation, non-adherent yeast cells were removed by washing monolayers three times with HBSS (pH 7-2). Subsequently, infected monolayers were fixed with 2 Yo glutaraldehyde in HBSS for 1 h at room temperature. The monolayers were washed three times with HBSS, post-fixed with 2 % osmium tetroxide for 1 h at 4 "C, and then dehydrated through a graded series of alcohols and embedded in siti with Epon (Ted Pella). Following polymerization of the Epon, the embedded monolayers were released from the tissue culture dishes by immersion in dry ice. Ultrathin sections were prepared, stained with lead citrate and examined using a JEOL 1200X transmission electron microscope.
Growth of C. albicans in galactose or glucose. Yeast cells were grown overnight at 30 OC in either YP-glucose or YPgalactose broth. Cells were washed with 0.2 M PBS, pH 7.2, adjusted to a concentration of 6.3 x lo7 cells ~1 -l and inoculated into 20ml of fresh YP broth containing either 500mM Dgalactose or 500 mM D-glucose to achieve a final concentration of 4 x 10' cells (ml YP broth)-'. Growth of cultures in YP-Adherence of Candzda: galactose effect galactose or YP-glucose was measured turbidimetrically (540 nm) at various times using an LKB Ultrospec I1 spectrophotometer. Duplicate readings were obtained for each time interval.
SDS-PAGE and immunoblotting. SDS-PAGE, under reducing conditions, and Western blotting were performed by previously established procedures using P-mercaptoethanol @-ME) cell extracts as samples. Extraction of proteins from C. albicans YP cultures containing either 500 mM D-galactose or D-glucose was done as described previously by Bailey et a/. (1995) . Equal amounts of proteins were separated on 10% (w/v) gels and electrotransferred to nitrocellulose membranes (0.45 pm). Blots were stained with Aurodye or immunoblotted with rabbit polyclonal IgG antiwhole-C. albicans 491 8 cells. For detection of immunoreactive proteins, anti-rabbit IgG-conjugated alkaline phosphatase was used as a secondary antibody, according to the manufacturer's protocol (Promega).
RESULTS

Adherence of C. albicans to HET1-A cells
We initially determined that following a 90 min incu- 
Scanning and transmission electron microscopy
Following incubation of the organism with H E T l -A cells for 60 min, we observed the adherence of yeast cells to HET1-A cells by light microscopy (Fig. 3a) ; additionally, the organism adhered to the tissue culture dishes in areas where HET1-A confluency had not occurred. Adhering yeast cells (to plastic or HET1-A cells) had germinated by 90 min, although in many instances germination seemed to be somewhat inhibited when yeast cells adhered to HETl -A cells in comparison to plastic-adhered cells, We did not attempt to determine by light microscopy if the HET1-A cells phagocytosed C. albicans, and, instead, used scanning and transmission electron microscopy to characterize these events. By scanning electron microscopy ( Fig.  3b) , the organism was observed to germinate on the surface of the HET1-A cells. In some instances, the germ tube of the organism appeared to be within an infolding of the HET1-A membrane ( Fig. 3b; see arrowhead) , somewhat suggestive of a phagocytic process. HET1-A cell membrane ruffling at the point of contact with yeast cells and/or germ tubes was not observed. We also used transmission electron microscopy to characterize the Candida-HET1 -A cell interaction. We observed the presence of HET1-A pseudopodia only at the yeast cell-H E T l -A cell junctions, again suggesting a phagocytic process ( Fig. 3c; see arrowheads) or what appeared to be the beginning of a phagocytic event (Fig. 3d) . Also, electron-dense material (of unknown origin) was often observed between closely associated H E T l -A and Candida cells (data not shown). As stated previously, longer incubation times precluded microscopic analysis because of the overgrowth of plastic-attached, germinating yeast cells.
SDSPAGE and Western blotting
The protein profiles of the 8-ME extracts from Dgalactose-or D-glucose-grown yeast cells are shown in Fig. 4 . An array of proteins differing in molecular mass is revealed in Aurodye-stained blots. A protein of approximately 190 kDa is observed only in the extract from Dgalactose-grown cells (Fig. 4 , lanes 1 and 2 vs lane 3).
Likewise, in Western blots, the 190 kDa protein from Dgalactose-grown cells only was strongly immunoprecipitated by the anti-Candida rabbit IgG (Fig. 4 , lane 4 vs lane 5). Other quantitative as well as qualitative differences between the two preparations were also observed.
DISCUSSION
Oral, oesophageal and/or vaginal candidiasis in AIDS patients is extremely common. While a number of studies of Candida-buccal or oral epithelial cell interactions have been reported (summarized by Calderone & Braun, 1991) , there is little, if any, information on the adherence of the organism to human oesophageal epithelial cells. We used an SV-40-transformed human epithelial cell line (HET1-A) to study this interaction. The utility of the HET1-A cells is that they retain cell surface markers typical of epithelial cells and, thus, can be useful in characterizing the recognition system used by Candida.
We observed that maximal adherence of the organism was time-dependent and influenced by the carbon source used in preparing the yeast cells. The percentage of HET1-A cells with adhering Candida increased when the organism was grown in YP-galactose broth in comparison to YPglucose broth. Adherence was increased not only to HET1-A cells but also to HBEC and MH-S cells (a murine alveolar macrophage cell line). Our results with HBEC are similar to those described by McCourtie & Douglas (1981 Douglas, 1984). Growth of the organism in D-galactose also resulted in an increase in mortality among infected animals when strains from active infections were used ; in contrast, strains from asymptomatic carriers did not exhibit the augmented virulence when grown in galactose. While microscopic observations of the surface phenotype of cells grown in D-galactose were made, McCourtie & Douglas (1984) did not determine if specific changes in cell wall protein profiles occurred in cells from the two different growth media. From culture supernatants of galactose-grown Candida, these investigators isolated an extracellular polymer which blocked the adherence of the organism to HBEC; also, the adherence of glucose-grown cells to acrylic increased when the acrylic was coated with extracellular polymer prepared from galactose-grown cells (McCourtie & Douglas (1985) .
In the present study, light microscopic observations of H E T l -A-infected cells demonstrated that the organism adhered to and eventually germinated directly on the H E T l -A cells. Plastic-adherent yeast cells also germinated even though monolayers were extensively washed with HBSS and all adherence assays were done in HBSS. Germination of C. albicans on plastic catheters in a nongerminating medium has been reported by Hawser & Douglas (1994) ; our data would indicate a similar phenomenon.
Electron microscopic studies were done to characterize the Candida interaction with HET1-A cells. HET1-A cells formed pseudopodia-like structures when in close association with the organism, similar to the observation by Edwards e t al. (1987) with human endothelial cells. The increased adherence of yeast cells grown in Dgalactose suggested the possibility that specific changes in the cell surface proteins may have occurred. Results from SDS-PAGE analyses verified this idea. A 190 kDa protein present only in P-ME extracts from cultures grown in Dgalactose was observed. We are currently characterizing this protein to determine its role in adherence.
